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Summary
This thesis presents a computational study of electric conductivity of
molecular junction based on organic molecules. A molecular junction
is made up with a molecule aligned in a tiny gap between two elec-
trodes. The molecule should have decisive effect on the conductivity
of the junction, as it is the only channel that the electric current can
pass through.
To simulate the conductivity of molecular junction, a program (named
IVSiesta) was developed, based on a density function theory (DFT)
package Siesta. The program IVSiesta features an current-voltage
(I-V) calculation function with self-consistent non-equilibrium Green’s
function formalism.
Molecular junctions were simulated with extended molecule model.
The extended molecule was constructed with the first layer of elec-
trode atoms included to take care of the strong coupling between the
molecule and electrodes.
Using the program, molecular junctions based on various organic
thiols were simulated with gold electrodes. The results were inter-
preted with molecular orbital (MO) analysis in zero-voltage equilib-
rium state.
It was shown the electronic coupling across the system is a crucial
factor determining the conductivity of the junction. As a result, the
MO’s spanning onto the two sulfur atoms are expected to be more
conductive as they are strongly coupled to the electrodes. In most
conjugated backbones, the coupling effect is so strong that the current
magnitude are not very sensitive to the length of the molecule.
It was demonstrated that disruption of pi-conjugation along the molec-
ular backbone can effective suppress the current, which may be achieved
by insertion of σ-bonded spacer or geometric twist between the back-
bone subunits.
Substitution effect on the backbone was also tested. The substituents
with induction effect can be categorized in three groups. The conduc-
tance peak can be shifted towards lower voltage by electron-donating
substituents (e.g. methoxy and amino), or towards a higher voltage
by electron-withdrawing substituents (e.g. nitro). Other substituents
(e.g. methyl and fluoro) do not have considerable effect.
Molecular diodes based on “p–spacer–n” structure were investigated
with aminophenylene (PhNH2) as n unit, nitrophenylene (PhNO2) p
units. The molecule PhNH2–Ph–PhNO2 with a phenylene as a spacer
is predicted to have the best rectification effect. The PhNH2–PhNO2
structure without a spacer also has good rectification, due to the
weak coupling between the p and n units caused by geometric tor-
sion. However, the molecule PhNH2–C8H12–PhNO2 with a σ-bonded
spacer has no rectification effect, due to the fact that electron trans-
mission through the molecule is dominated by σ-bonding states, which
is symmetric and non-polarized.
The program IVSiesta developed in this study may be employed
to investigate the conductivity of various chemical structures. The
knowledge of structure-conductivity correlation may be helpful in the
design of new electronic functional molecules.
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The concept of molecular device emerged when electronics went into submicro/nano-
scale, a scale which is comparable to the size of a single molecule. In 1974, Aviram
and Ratner [1] pointed out that it is possible to build electronic devices using single
functional molecule. However, the concept did not attract much interest until the
recent ten years. Nowadays, molecular devices have become a hot topic in both
experimental and theoretical research fields. As one single molecule could be even
smaller than nano-structure, the dimension of devices may shrink dramatically
once molecular device is realized. Unimolecular devices may be the replacement
of nano-scale electronics. [2] Besides, molecular device may also find its place in
highly sensitive and selective detection of molecules and bio-molecules. [3]
The attractive potential applications of molecular devices have stimulated
enormous research interests. Among all types of molecular devices, molecular
junction is the simplest device and most widely discussed in the scientific com-
munity. A molecular junction is a conductive molecule aligned in a tiny gap
between two metallic electrodes. The electric current flowing from one electrode
to the other would be modulated by the functional molecule. In another word,
the chemical structure of the conductive molecule offers an opportunity to tune
the conductivity of the junction. One example is the first carefully designed
molecular junction by Aviram and Ratner. The junction was predicted to have
rectifier function. [1] Once the conducting behavior of a molecular junction is well
understood, it is possible to design multi-functional molecular devices, taking
1
1.1 Brief overview
advantage of organic synthesis.
There are already some successful experiments that demonstrated the feasi-
bility for constructing and characterizing molecular junctions in laboratory. [4–8]
Potentially useful devices based on individual molecules were also demonstrated,
such as field effect transistor. [9]
In general, setting up a molecular junction involves fabrication of nano-scale
electrodes [10] and the alignment or attachment of the molecule between them. [11]
Important methods that were successfully developed are: planar nano-scale elec-
trode, [9] nanopore electrode, [12] break junction, [13] scanning tunneling microscope
(STM), [14] and conductive atomic force microscope (cAFM). [15]
The main concern of theoretical study in such a current-conducting problem
is the model and mechanism of the electron transport in a molecular junction.
The conduction theory developed in solid state physics could not be applied to
molecular junction where no translational symmetry can be found.
In the modeling of the molecular junction, the parts of electrode contact and
the interfaces between the junction molecule and electrodes are the most difficult
to deal with. Structure-less jellium model [16] was used to describe the electrodes in
early years, but in recent computational simulations, jellium model was replaced
by the more reliable extended molecule model.
Computational simulation has been employed to investigate electron trans-
port through a molecular junction, which uses first-principle methods that have
been developed using computerized programs. [17,18] Most of the implementations
extended the existing first-principle computational program with additional elec-
tron transport calculation program based on quantum scattering theory. Out of
all the quantum scattering formalisms, non-equilibrium Green’s function (NEGF)
is the most popular one.
2
1.2 Physical models related to current conduction
Quite a few molecular junctions had been studied to understand the physi-
cal picture of electron transport through them. Structural factors of electrodes
and molecule/electrode interface were also discussed in the latest years. [19] Other
recent achievements of computational study include simulation of molecular vi-
brational effect. [20–24] Discussion on molecular switch [25–27], molecular transis-
tors [28–30] and logic gate [31–33] has also been initiated.
The remaining sections of this chapter will review in detail the concepts, mod-
els and computational methods used to simulate the conductivity of molecular
junction. The objectives of this research are also given at the end of this chapter.
1.2 Physical models related to current conduction
1.2.1 Conductance: the current-voltage relation
When voltage bias is applied to a conductor, there is an electric current passing
through it. Generally, the current depends on the voltage applied and electric
conductivity is characterized by the current-voltage (I-V) relation. For an ohmic
conductor, the current increases linearly with applied voltage and the gradient of
I-V relation is called conductance. For non-linear current response, it is useful to
define differential conductance (G) which is the first order derivative of current





Apparently, differential conductance G depends on voltage for non-linear I-V
relation, which makes it different from the conductance of ohmic conductors.
The mechanism of conductivity is about the transport of charge carriers (elec-
trons in many cases) in the system, which is a fundamental problem in solid state
3
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physics and electronics. With the scale of the system varies from large bulk to
molecular level, different physical models are used, evolving from semi-classical
to quantum.
1.2.2 Bulk solid
In the case of bulk solid, the electronic structure is discussed on the basis of
Blochs theorem for periodic systems, which leads to energy bands and carriers
with effective mass. Although the conducting behavior of bulk solid could be
much more complicated due to the scattering process by impurities, the physical
picture of electron conduction in an ideal conductor is simple. The electric current
is treated classically as the drift of charge carriers in the solid. The transport of a
set of particles that obey classical Hamilton’s equations is described by Boltzmann
equation, which is a kinetic equation of particle distribution in phase space.
1.2.3 Mesoscopic materials
When the dimension of the device gets smaller into submicron/nano-scale, the
wave-particle duality of electrons gradually becomes obvious and quantum phe-
nomena start to appear. Examples of these quantum effects are coulomb block-
ade, single electron transistor and conductance quantization. Most of these phe-
nomena are the results of confinement of electrons in a small region of space.
This invalidates the classical Boltzmann transport equation and only by apply-
ing quantum scattering theory on the nano-scale model can these phenomena be
successfully interpreted. [34]
An important result arose from mesoscopic case is Landauer–Bu¨ttiker the-
ory. [35] According to their formulation, the conduction through a device can be
described by a transmittance matrix (t) and a resistance matrix (r). The ma-
trix elements represent either “conduction channel” (diagonal elements) or the
4
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coupling effect between them (off-diagonal elements) and the conductance (G) is










Landauer-Bu¨ttiker theory is an abstract and phenomenal theory of conduction
through a device. The formula itself contains no mechanism of conduction chan-
nels. As a result of this theory, it has been shown that the electron conduction
in nano-scale contact can be analyzed in conduction eigenchannels, [36] regardless
of the structure of the device. The concept of conduction eigenchannel may also
be applied in molecular case to elucidate the electric conduction using analytical
method if the physical meaning of conduction channels could be understood.
1.2.4 Molecules
1.2.4.1 Tunneling through a molecule
Similar to mesocopic systems, the electron conduction through a molecular junc-
tion can be viewed as a scattering or tunneling process. As the scattering process
by the junction molecule could be elastic or inelastic, the tunneling through it
could be coherent or incoherent. [37]
Some well-known conductive features are listed below:
Quantized conductance. Quantized conductance is a common phenomenon
in nano-scale conduction and also found in molecular case. Using STM tip break-
age, Xu et al. [14] obtained the quantized conductance with gold atomic junctions
and molecular conductance.
Negative differential conductance (NDC). Chen et al. [12] observed NDC
phenomena (with a large on-off current ratio) in the current measurement of a
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molecular junction based on a substituted conjugated molecule. The cause of the
NDC is a current research topic.
Vibration-coupled tunneling. Scattering by vibrational states may cause
coherent or incoherent tunneling. [24,38,39] This was seen in electron tunneling
through both STM tips and break junction. The vibration-coupling effect may be
the mechanism of some NDC phenomena, conductive bistability and hysteresis
in current-voltage characteristics. [40]
1.2.4.2 Models of molecular junction
In the study of molecular conductivity, many concepts are similar to those of
mesoscopic case. However, there is an important difference. In the molecular
junction, the dimension involved is so small that every atom may account for the
electronic property. As a result, the arrangement of the atoms in the junction
must be considered seriously. As the conductive molecule is naturally described
by atomic structure, the only concern is the contact parts of the electrodes. Re-
garding how the electrodes and interfaces should be treated, two types of models
are found.
Jellium model. At the early stage, Lang used the jellium model to describe
the electrodes. [41,42] Jellium is a very simple model for metal in which the posi-
tive charges of nuclei are treated as a continuous and homogeneous background
without any structure. Electron gas is superposed on this positive background.
On the other hand, the molecule in the junction is treated as an atomic struc-
ture and the atoms within the molecule are considered as scattering sites. This
model minimizes the effect from the metal electrodes and focuses on the electron
scattering problem of the central molecule.
The jellium model encompasses extreme simplicity, as the atomic structure of
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the electrodes is completely ignored. As a consequence of this assumption, it fails
to describe both the geometric and electronic structure of the electrodes, partic-
ularly the structural distortion caused by molecule adsorption. It was reported
that modifying jellium by introducing layers of electrode atoms may improve the
simulation results. [43]
Extended molecule model. As the surface structure and adsorption geom-
etry of electrodes have to be taken into account, jellium model must be replaced
with atomic model for electrodes. Moreover, as the coupling strength between
electrode and molecule is believed to be quite strong so that the boundary be-
tween molecule and electrodes is, to some extent, blurred. To address these points,
extended molecule model (or called effective molecule model) is employed.
In extended molecule model, the system is divided into three parts (Fig-
ure 1.1): the left electrode, the extended molecule and the right electrode. The
core concept of this division method is to take several surface layers of elec-
trode atoms into the molecular system to be simulated. Putting some electrode
atoms into the extended molecule model allows the coupling effect between the
molecule and the electrodes to be included. One question is how many layers
of the electrode atoms should be included in the extended molecule. Xue [18] ar-
gued that because of the short electronic screening length within the metallic
materials, just one or two layers of electrode atoms will suffice the description of
molecule-surface coupling. This saves a lot of effort when doing simulation with
the extended molecule model.
To explore this model with atomic structure, first-principle method is needed
to cooperate with the quantum scattering theory.
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Figure 1.1: System division in extended molecule model. Three parts are
labeled in the diagram: left electrode, the extended molecule and right electrode.
The extended molecule contains the junction molecule and several layer of electrode
atoms.
1.3 Computational approach
Computational methods are very important in the study of nano-scale or molecu-
lar devices. They can help predicting the conductivity of a molecule and gaining
better understanding on the experimental results. Besides physical model, math-
ematical formulation is another part of the theoretical framework. Green’s func-
tion in quantum scattering theory is the most popular formulation to describe
the electron transport in molecular devices.
1.3.1 Scattering theory
Scattering theory was directly applied to the conductivity problem of molecules
by Lang. [41,42,44–47] By employing the jellium model, Lang discussed the scattering
effects of an atom and molecule. This was done by solving the Lippman-Schwinger
equation for single-electron wavefunctions. The one-atom case was treated as
the scattering by a spherical potential, which was generalized for molecules. The
wavefunction within a box containing the junction molecule can be expanded and
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considered as a linear combination of plane waves by applying periodic boundary
condition to the system. [16]
In later studies, this approach was also extended to work with DFT, [48,49]
which is an important step to practical computation. This scattering method,
however, has limitations in its application, due to the geometric simplification of
jellium model.
Another scattering formalism, developed by Mujica, et al., tends to use tight-
binding model. In their proposed Hamiltonian, the electrodes (as reservoirs of
electrons) interact with only the two end sites of the molecular wire. By applying
transition matrix formalism, the conduction problem is reduced to a finite transfer
matrix. Using their theory on linear molecular wire, they took a tight-binding
Hamiltonian, with interaction terms between only nearest neighbors.
Wang et al. [50] put Mujica’s scattering theory into practice using commercial
Gaussian package. Their approach uses DFT results as the input of the Green’s
function in the transport formula. Because of the nature of DFT calculation, the
system is simulated in its equilibrium states. This approach is easy to implement,
as it requires a minimum extra coding for the conductivity part. Their results
on benzene–sl 1,4–dithiol are in good agreement with experimental measurement,
with respect to the magnitude of current and conductance. They argued that their
results are more reasonable due to the adoption of proper density functionals.
1.3.2 Non-equilibrium Green’s function formalism
In quantum dynamics, non-equilibrium Green’s function (NEGF) is a widely
used tool to describe the transport problems of a particle system. To work with
the extended molecule model, first-principle method is necessary to obtain the
electronic structure and the Green’s function of the concerned system. Regard-
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ing the choice of first-principle method, it is crucial to include electron-electron
interaction so as to describe the electron scattering. With different choices of
first-principle methods, the formalisms may differ slightly from one another. The
core concept behind, however, is the same.
1.3.2.1 DFT-based implementation
The common choice of first-principle method is DFT. Self-consistent formalisms
using DFT method and NEGF were developed by Taylor, [17] Xue [18] and Brand-
byge. [51]
In this method, the electronic structure is calculated by solving Kohn-Sham
(KS) equation in DFT with the NEGF involved from the self-consistent-field
(SCF) iteration. By introducing the NEGF into the SCF cycles, it makes the
NEGF self-consistent together with the Hamiltonian of the system. The SCF-
NEGF scheme pushes the formalism towards an integrated theoretical framework,
particularly for computational approach to the conductivity of molecular junction.
Taylor et al. [17] developed a computer program based on Green’s function
transport theory. A popular computational package Siesta [52,53] was used in
their program to accomplish SCF calculation. The Siesta-NEGF implementa-
tion has been adopted to investigate several molecular junctions. Taylor et al.
applied their program on several structures, such as carbon nanotubes. Brand-
byge applied their scheme on several simple systems, such as atomic wires for
theoretical and computational feasibility. [51] Significant results included the pre-
diction of NDC in molecular junction based carbon monoxide.
Very recently, the program for electron transport (named TransSiesta) has
been merged into Siesta and will be released formally in near future.
Xue also proposed a complete self-consistent NEGF scheme to calculate the
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current curve and implemented it with modified Gaussian. [54]
Although the DFT-NEGF appears to be a successful and useful implemen-
tation, there are several inherent shortcomings, due to the KS equation in DFT
calculation. In principle, the DFT is only reliable for calculating the properties
that depend on electron density, while the single-electron wavefunctions resulting
from KS equation (or called KS orbitals) have no solid physical meaning. How-
ever, in practice, it is assumed that the KS orbitals are good enough to describe
the electronic structure of the system. Moreover, although the KS equation in-
cludes terms with exchange-correlation functionals, the method itself is based on
single-electron and mean-field approximations, which may not be able to describe
some dynamic many-body effects.
To overcome these limitations, time-denpendent DFT and master equation
based method have been under development for years. [55,56] Despite the short-
comings, DFT-NEGF is still applicable to discuss the electronic scattering in the
molecular junction, particularly under coherent and stable conduction regime.
1.3.2.2 Other implementation
Other quantum chemical methods are also possible to work with NEGF formal-
ism. Recently, Møller-Plesset (MP2) perturbation theory based on Hartree-Fock
(HF) was adopted for isolated molecules without coupling to infinite electrodes. [57]
With different order of perturbation, the effect of electron correlation was explic-
itly shown. It may also be used to simulate excited states which are available
with MP2 perturbation theory.
1.3.3 Methods with vibrational effect
Regarding Born-Oppenheimer approximation on which the KS equation is built,
the vibration of molecular frame will never appear in the simulation, and thus,
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inelastic scattering by vibrational-electronic (vibronic) effect will not be in the
scope.
In actual experimental measurement, however, the conductance curve may
show vibronic inelastic scattering features, on top of the electronic scattering.
Although this type of inelastic scattering has been discussed in inelastic tunneling
spectroscopy for several decades, it was spotted out in only very few cases of
molecular junctions. [20,58,59] This effect can be recognized as a molecule-specific
feature of the current curve. [60]
Recently, vibronic effect has become a popular topic in the study of molecular
junctions. [61] The effect can be introduced as a perturbation. [21–23,23,24,62,63] It
has been tested with different functional groups, where calculations show that
assignment of the vibrational modes is possible. [64,65]
However, vibronic effect is dominant only in very low voltage region as modifi-
cation to the elastic tunneling shape. When large current is achieved by tunneling
through electronic states under large voltage bias, the vibronic effect is negligible.
1.4 Application of computational methods
1.4.1 Interpretation of simulation results
Computational simulation can be used to investigate factors that affect the con-
ductivity of molecular junctions. Although the current-voltage curve can be eas-
ily calculated by SCF-NEGF program, the interpretation of the results is quite
complicated and confusing. This is because when the system is driven out of
equilibrium, the states on the extended molecule, the electron distribution and
electrostatic potentials are all dependent on the applied electric field. As a result,
the electron transmission through the molecule also depends on the electric field.
There have been already some comprehensive studies on molecular junctions in
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equilibrium and non-equilibrium states. [66,67] Their results showed that, in an non-
equilibrium process, the electrons redistribute substantially and the resistivity
dipole formed in the vicinity of any potential barriers. For example, this effect
results in significant voltage drop at the gold-sulfur boundary and the molecule
region of biphenyl-dithiol, where the potential barrier forms due to relatively
weak coupling. However, as a rough approximation, discussion with equilibrium
states of the molecular junction can still provide useful and intuitive information
about the conductivity and could hence be used to interpret the results from
non-equilibrium calculation. [19]
1.4.2 Structure–conductivity correlation
Numerous publications can be found about discussions on electron transmission
through the molecular junction and the electronic structures of molecular junc-
tions. Many of them may be applied directly to different chemical structures.
However, the methods used in these research works are quite different, and sys-
tematic study on chemical structures is rather scarce, which makes the results less
conclusive. Here are some examples of structure-related study on conductivity of
molecular junctions.
Due to the importance of coupling effect between the electrodes and junc-
tion molecule, the structure of molecule/electrode interface and end group of
junction molecule has been investigated. [68–72] Studies on various end groups as
para-substituted benzene illustrated that molecules with different end groups can
have distinct transport features due to the charge redistribution at the interface.
Effects of various metallic electrodes were also studied. [73,74]
The structure of molecules forming the junction should have decisive effect
on the conductivity of molecular junction, as it is the only bridge in the junc-
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tion that the electron can pass through. Therefore, study on various chemical
structures has become the central topic in recent years. Various chemical sys-
tems, such as aromatic molecules based on phenyl rings [19] and five-membered
heteroaromatic molecules [75,76] were investigated with Siesta-based SCF-NEGF
method and the result demonstrated the effect of aromatic backbones on the
conductivity of molecular junction. The effect of manipulation and modification
of aromatic system was also reported. [77] Conformation dependence of molecu-
lar conductance was studied with calculation of electron transmission through
benzene-based aromatic molecules. [78]
In summary, the simulation models and methods have been under discussion
and development for years and simulation works carried out using these methods
are moderately succussful. However, systematic and reliable knowledge is still
desirable for the junctions based on various molecular structures, particularly
in an explicit way that correlates the molecular conductivity to the chemical
structure. Some essential and interesting problems mentioned above are:
• vast variety of chemical structures remains unexplored; and
• most of existing discussions are physical and mechanistic, while systematic
knowledge about structure-conductivity correlation, which is important in
molecular design, is still not revealed.
1.5 Objectives
The objective of this study is to investigate the structure-conductivity correlation
of molecular junctions, based on theoretical simulation. To achieve this goal, the
following tasks should be carried out:
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Computational program. A first-principle program should be developed to
perform effective simulation on the conducting behavior of the junctions. DFT
and pseudopotential (PS) should be employed to make feasible simulations of
large structures. Electric field must be carefully considered in the parts of self-
consistent-field iteration and geometry relaxation. The program should be tested
with well-established molecular junction systems.
Survey on chemical structures. The method will be applied on molecu-
lar junctions comprising typical conjugated organic structures, with various side
groups and non-conjugated spacers. There is infinite possibility with structural
variations, however, this research will only focus on basic and systematic struc-
tures, while attempting to correlate the conducting behavior with structural fac-
tors.
Theoretical Analysis of the results. The simulation results of various
structures should be analyzed qualitatively based on strong/weak-coupling mod-
els in equilibrium states, in order to reveal structural dependence of conductivity.
The program and method presented in this thesis may also be extended to
predict and explore conductive behavior of complex molecular junctions and de-
vices. This theoretical study will try to explore the molecular junctions from a
chemical viewpoint with a clear pattern of “chemical structure→ electronic struc-
ture → conducting behavior”. This may help chemists enter the physical world
of molecular device and discover more effective molecules for the development of
molecular devices.
It should be noted that experimental implementation of molecular junction is
more attractive to industrial application, but the computational simulation and
theoretical discussion on structure-conductivity correlation is of great importance
in design and analysis of new structures of molecular junctions.
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To study the conductivity of molecular junction theoretically, the modeling
and computational strategy should be first established. Therefore, theoretical




2.1 Theory and formalism
In this study, non-equilibrium Green’s function (NEGF) and density functional
theory (DFT) were employed to explore the electron conduction in a molecular
junction. The strategy was developed by Brandbyge [51] and Xue. [18] The molec-
ular junction was modeled by extended molecule model (EMM).
With Kohn-Sham (KS) eigenvalues and eigenvectors produced by DFT pro-
gram, the Green’s function (GR,A(E)) of the EMM is evaluated and the effect of
the electrode is included as self energy (ΣR,AL,R) or its imaginary part (ΓL,R). The





dE {tr[ΓLGR(E)ΓRGA(E)] [f(E − µL)− f(E − µR)]} (2.1)
in which voltage drop across the junction is the difference of chemical po-
tentials of the left and right electrodes (V = µL − µR), f is Fermi distribution
function and
T (E) = tr[ΓLG
R(E)ΓRG
A(E)] (2.2)
is the function of total electron transmission.
The detailed formulation is presented in Appendix A.
2.2 Extended molecule model
The physical model used throughout this study is extended molecule model. The
validity of this model relies on the assumption of coupling strength between the
conductive molecule and electrodes is strong enough to affect the electronic and
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geometric structures of the electrode as well as the molecule. It would be helpful
to discuss the coupling strength to understand the extended molecule model.
2.2.1 Coupling strength
The coupling strength between the molecule and electrodes is a main concern in
the extended molecule model. If the coupling between them is strong enough to
have effect on both the conductive molecule and the contact points, the geomet-
ric and electronic structures of the molecule may vary with different adsorption
configuration. Particularly, the energy levels of the molecule will be broadened
(Figure 2.1). This is believed to be the case that the molecule is chemically
bonded to the surfaces of electrodes. On the contrary, in weak coupling model,
the molecule is physisorbed onto the surface. The energy levels of the effective
molecule stand sharp and tunneling barriers between molecule and electrodes
appear (Figure 2.2). The scanning tunneling microscope may match with this
model as the tip does not actually touch the surface.
Figure 2.1: Strong coupling model. The central molecule is attached to both
electrodes by chemical bonds, and energy levels of the effective molecule are broad-
ened by the coupling.
Experiments showed that the strong coupling (chemically bonded) and weak
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Figure 2.2: Weak coupling model. The central molecule is attached to both
electrodes by weak coupling. There are tunneling barriers between the molecule
and electrodes and the energy levels of the molecule stay sharp.
coupling (non-bonded) have different conducting behavior. [15] In molecular junc-
tions, it is supposed that the strong coupling exists, because in most of the ex-
perimental setups, the functional molecule is expected to be chemically bonded
onto the surface of the electrodes. This is particularly evident in the case of thiols
(–S–) end groups coupled to gold electrode surfaces.
2.2.2 Construction of extended molecule model
In most calculations of this study, two Au19 clusters are used to represent the
Au(111) nano contacts (L and R), and the first topmost layer (three gold atoms)
is included in the extended molecule (M). The system “L–M–R” system is coupled
to two bulk electrodes (LB, RB), as illustrated in Figure 2.3.
As mentioned by Brandbyge, [51] the self-energy from the bulk can be evaluated
by calculation on semi-infinite electrode. [79] However, in present study, this part is
evaluated by a separated calculation with slab model. By doing this, the program
IVSiesta is able to generate input file for the self-energy of bulk parts.
It is possible to build the EMM in a unit cell to adopt periodic condition,
however, this requires the two electrode contact parts to be of different sizes. [19,51]
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Figure 2.3: Extended molecule model. The central molecule is attached to
both gold electrodes through gold-sulfur bond. The system in concern (inside the
cube) contains the extended molecule (M) and electrode contact parts (L, R). It is
coupled to two “bulk” electrodes (LB, RB).
Therefore, for simplicity, the EMM was built as an isolated molecule.
All of the conductive molecules in this study are thiols with sulfur end group
“–S–” , and molecules are attached to both gold electrodes through gold–sulfur
bonds. The hydrogen atoms are assumed to leave the molecule through the
dissociative chemisorption on the gold surfaces. The sulfur atom is located on
top of threefold hollow site of Au(111) surface. There are arguments on the
adsorption geometry of thiols on gold surface. [80–82] However, it was reported
that the conduction property of thiol-based junctions with the sulfur atom on
top of a gold atom is qualitatively the same as the sulfur in the hollow site. [67] In
this study, the structure of the sulfur on threefold site is energetically favorable




To simulate conductivity of molecular junctions, a program named IVSiesta was
developed in this project. As the name suggests, it was developed for calculating
the I-V relation of molecular junctions on the basis of DFT computational package
Siesta. Siesta was chosen as DFT engine because its source codes could be
obtained freely from the author of the program.
2.3.1 Program Siesta
Siesta is a computational program targeted on calculations in solid state physics,
originally developed by a Spanish research group. [52,53,83] It is based on DFT
method, featuring self-consistent solution of Kohn-Sham equation, use of pseu-
dopotentials and numerical atomic orbital basis. Some examples of routine calcu-
lations are energy, atomic force, electron density, Mullikan population, geometry
relaxation, molecular dynamics, k-sampling and band structures.
Appendix B presents an introduction to DFT calculation scheme and Siesta
implementation. Appendix C presents an introduction to first-principle pseu-
dopotentials and the sofware package ATOM.
2.3.2 Program IVSiesta
The program developed for SCF-NEGF calculation of molecular conductivity is
the main fruit of this project. It has been the most essential and time consum-
ing parts, as there were many theoretical and coding problems to be solved, in
addition to the program debugging and testing.
In program IVSiesta, the mathematical formulations were translated into
Fortran subroutines and combined with Siesta. The customized subroutines
include electric potential modification in the SCF iteration, Green’s function and
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self-energy evaluation, transmission coefficient calculation, current integration, as
well as some additional input/output facilities. The program is compatible with
all other Siesta options.
2.3.2.1 Running modes of IVSiesta
IVSiesta has three running modes:
1. Generation of input file for bulk part. This mode is to prepare input
file about bulk electrode parts. Based on given electrode model, electronic
states for bulk electrodes can be calculated and written in an output file.
This output file in turn works as input in the calculation of molecular con-
ductivity.
2. I-V calculation with the system in equilibrium state. In this mode,
the electron transmission is calculated without geometry relaxation and
electric field addition. The SCF iteration remains untouched and genuine.
The structure of the system may be manually optimized in another run
before the current calculation.
3. I-V calculation with the system in non-equilibrium state. In this
mode, compared to Mode 2, the electron transmission and overall electric
current are evaluated with linear external electric field applied and geometry
relaxed for every voltage step.
In Modes 2 and 3, there is an additional option to write the total transmission
curve in separate file (for selected voltages in Mode 3), which may be useful to
analyze the mechanism of electron transport.
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2.3.2.2 Programming details about IVSiesta
Most of the functions are written in Fortran language, taking the advantage of
existing and mature algorithm. Some notes to be taken on programming include:
• Model-dependency. The program depends on the extended molecule
model with defined left contact–molecule–right contact (L–M–R) configu-
ration. However, the model may have customized atomic structures of the
three parts. The detailed information about the structure must be provided
in the input file.
• Matrix operation. The matrices for Hamiltonian, orbital overlap, Green’s
functions and self-energy operators are very large. Thus, the operation of
these matrices (particularly, inversion) is the most time-consuming parts of
the program. Gaussian elimination was used to calculate the inversion of
matrices. Although it is possible to use the existing code from Linear Al-
gebra PACKage (LAPACK), the program itself includes subroutines which
are customized to do efficient matrix inversion independently. New Fortran
routines are written to evaluate the self-energy contribution from the bulk
and contact parts of the electrodes.
• Integration algorithm. The integration within the program was imple-
mented by either trapezoidal method or Romberg’s method. It was found
that the Romberg’s method is better in getting higher and consistent preci-
sion when the integrand is a smooth function. On the other hand, if there
are narrow peaks in the integration region, which is the case of electron
transmission function, the trapezoidal rule is better.
• Introducing the electric field. The electric field is introduced as a part
of potential energy in the Hamiltonian, during the SCF iteration. This
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was done by applying proper boundary condition to the cell when solving
the Poisson’s equation. (This feature was implemented in Siesta 2.0 and
modified in IVSiesta to applied proper potential arises from applied volt-
age.) The magnitude of the linear electric field was estimated by the voltage
applied and the length of the extended molecule.
• Geometry relaxation under electric field. The IVSiesta program can
perform geometry relaxation with the existence of electric field. This func-
tion is added because it is believed that in a stable state of non-equilibrium
transport under an external electric field, the geometry of a molecule may
be different from the equilibrium case without external field.
2.4 Summary
Here is a summary on the computational scheme developed in this study.
1. Program and model. All the current-voltage results were calculated with
the IVSiesta program with the construction of extended molecule model
mentioned above.
2. Calculation mode. Current calculations were carried out in Mode 3 of
IVSiesta. The system was optimized under the applied electric field, un-
dergoing geometry relaxation before the non-equilibrium transmission is
evaluated. (See the introduction to the program IVSiesta.)
3. Determination of Fermi level. Fermi level of the electrode-molecule
system is very ambiguous problem. In equilibrium study, some researchers
proposed that the the Fermi level should be determined with the extended
molecule model by counting the states. [84] However, as the Fermi level gen-
erally locates in the gap between the occupied and unoccupied levels, where
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the density of states should be very small, thus this method may not give
an reliable value.
Others argued that the Fermi level is the property of electrodes which may
not be affected by the adsorbed molecules. [66] For the extended molecule
to be calculated, the electrochemical potential (shifted from Fermi level
by applied voltage) of the two electrodes is only an electrostatic boundary
condition, by which the the electronic states of extended molecule is deter-
mined. The the Fermi level should be determined with the electrode parts
only.
In this study, the second method was adopted. The Fermi level of the
electrode is evaluated in a separate calculation with several gold clusters
(Au19, Au34) and finally the results from Au19 was used as this cluster was
chosen to represent the gold nano-electrode. In calculation Mode 1, the
IVSiesta automatically provides the Fermi level in the output file.
4. DFT parameters and Options.
Within the range of exchange-correlation functionals provided by Siesta,
most of the calculations were done with generalized–gradient-approximation
(GGA) series, including Perdew–Burke–Ernzerhof (PBE) [85].
Pseudopotentials for all elements used in this study were generated and
tested using the program ATOM (which comes together with Siesta) with
Troullier-Martins method and appropriate electronic configurations. A brief
introduction to pseudopotential and program ATOM can be found in Ap-
pendix C.
In all of the calculations, double-zeta basis with polarization (DZP) was
used for all atoms, which are the basis sets implemented in Siesta. It is
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reported that different basis set may affect the current calculation results [86],
but the influence is really complicated. As in the testing procedure of this
study, within the range of basis set provided by Siesta, only DZP can
achieved good SCF convergency and computational efficiency.
5. Other methods used. Besides the Siesta or IVSiesta package described
above, commercial quantum chemical software package Gaussian 03 [87] was
also used to elucidate the electronic structure of the thiol molecules in zero-
bias equilibrium state. All the calculations using Gaussian 03 were done
on B3LYP/6-31G(d,p) level.
Using the program IVSiesta, several series of organic molecules were simu-
lated. Chapter 3 to Chapter 5 presents the computational results and detailed
analysis from a chemical viewpoint.
26
3 Molecular conductivity: a chemical
view
3.1 Analysis of molecular conductivity
3.1.1 Introduction
As electron transport responses nonlinearly to the applied voltage, the analysis
of current-voltage (I-V) relation of molecular junction is much more complicated
than ohmic conductor. Understanding the curve profile is the first step of eluci-
dating conductivity. The characteristics of the current curve is always analyzed
on the differential conductance curve. Some commonly seen features on the I-V
curve are illustrated in Figure 3.1.
The shape of the conductance curve contains information about the electronic
structure of the junction, [5]. On the other hand, the electronic state is determined
by chemical structure. Therefore, the electronic structure is the bridge that
correlates the conductivity of molecular junction to the chemical structure of the
junction molecule.
The Green’s function formulation of electron conduction gives a formula (Equa-
tion (2.1)) that contains all information about conductivity. Some researchers
tried to find the factors that determine the I-V relation by solving the equation
directly but approximately. [88] However, due to the complexity of the problem,
the knowledge gained in this way is rather limited.
Another approach is to assign the conduction channels of a molecular junc-
tion to the molecular orbitals (MO). As reviewed in Chapter One, in the non-
equilibrium Green’s function calculation, the electronic states must be different
27
3.1 Analysis of molecular conductivity
Figure 3.1: Illustration of some features of current curves. dIdV and
d2I
dV 2
describe the turning points on the current curve.
28
3.1 Analysis of molecular conductivity
from that of a molecule in equilibrium. However, as a qualitative description
of the conduction problem, analysis based on MO of zero-biased molecule may
provide intuitive understanding.
This chapter is devoted to analyze the conductivity of molecular junction on
the basis of MO analysis, and try to elucidate how the backbone structure affects
the conductivity of molecular junction.
Some molecules discussed in this chapter have also been studied by other
researchers, both experimentally and computationally. However, direct compar-
ison of results from experiments or other simulation methods may not be very
meaningful, as the results strongly depend on the measurement or simulation
methods. The strategy in this study is to calculate and investigate structural fac-
tors of molecules, with a consistent and reasonable simulation model and scheme.
As the computing and modeling parameters are set the same for all the calcu-
lations, comparison among the results can provide useful information about the
structural factors of molecular conductivity.
3.1.2 Conducting channels in molecule
As mentioned in Chapter One, when Landauer et al. discussed about conduct-
ing channels in nano-structures, there is no such a mechanism that the channels
can be assigned to electronic states localized on the structure. However, using
Landauer’s formula as a guide, it was reported that the total electron transmis-
sion can be analyzed with the concept of eigenchannels. [36,89] Some researchers
reported that eigenchannel analysis on linear aluminum/silicon wire and the re-
sult shows that the eigenchannels in the systems are related to single-electron
wavefunctions of the system, having either σ- or pi-bonding feature. [90] The result
implies that the MO may work as the conduction channel.
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According the theoretical work done by Mujica [91] and Wang, [92] who used
MO to expand system Hamiltonian and Green’s function, by adopting linear
combination of atomic orbitals (LCAO) as MO’s, the transmission of electrons







(Ei − E)2 + Γ2i
. (3.1)
In the formula, Ci and C
′
i are the LCAO coefficients on the two end atoms of
the i-th MO, Γi represents the influence from electrodes. The total transmission
through the molecule is given as a summation of Ti.
According to Equation 3.1, the transmission through a MO takes a maximum
value only when incident energy matches with the energy level of Ei and the i-th
MO has large components (Ci and C
′
i) coming from the two end atoms. This
qualitatively explains how the MO works as a conduction channel and what is a
good MO for electron conduction.
Moreover, influence from electrode (Γi) serves as a broadening effect of the
transmission. With Γi → 0, transmission through the i-th MO will show a sharp
peak, while if Γi is finite, the transmission will be much broadened.
3.1.3 Molecule as a tunneling barrier
It is possible to understand the tunneling through a molecule in a very simple
picture of quantum tunneling through potential barrier. If each tunneling channel
is viewed to be a rectangular potential barrier, it is easy to write down the well-
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if E > V0.
(3.2)
In the above, T (E) is the transmission of an particle with incident energy E.
Inserting the property of electrons and evaluating the energy in unit of the barrier
height (V0), the results for several barrier widths (a) are plotted in Figure 3.2.
Figure 3.2: Quantum tunneling through a square potential barrier. The
energy is evaluated in unit of the height of square potential. Different curves are
plotted for different barrier width (a).
These curves turn out to be very similar to the plots of eigenchannels in
literature, [90] which indicates the tunneling through each eigenchannel may follow
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this very simple tunneling mechanism.
From the curves, it is found that when the width of the barrier is comparable
to a typical molecule (1 nm), the tunneling through the barrier is switched on
when the incident energy of electron is much lower than the barrier, and the
tunneling will not be saturated until very high incident energy. For a mesoscopic
system having a dimension as large as 10 nm, the tunneling turns on exactly at
the energy equal to the barrier height.
The moral of the quantum tunneling picture is that the molecule may have
to be large enough to show a well-defined electron conducting feature, or other-
wise, the tunneling through the junction will not show much feature related to
molecules, as the effect from the channels on the molecule will be smoothed out
by non-resonant tunneling.
3.2 Computational results and discussion
3.2.1 2,2’–bithiophene–5,5’–dithiol
3.2.1.1 Molecular structure
The first molecular junction simulated is based on 2,2’–bithiophene–5,5’–dithiol
(BThSH). Several molecular junctions have been measured and simulated previ-
ously, based on thiophene, [75] terthiophene [93] and series of oligomers. [94]
The extended molecule model (EMM) of the molecular junction made up with
BThSH is displayed in Figure 3.3. Selected structural parameters are summarized
in Table 3.1. Results from Gaussian calculation for isolated BThSH with sulfur
atoms capped by hydrogen atoms are also presented for comparison.
From the Table 3.1, it can be found that the geometric relaxation results
calculated by IVSiesta are slightly different from those by Gaussian. In the
IVSiesta results, the bonds along the conjugated chain tend to have uniform
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1 2 3 4 5
IVSiesta PBE/DZP(V=0V) 1.752 1.393 1.414 1.397 1.436 0.9
IVSiesta PBE/DZP(V=4V) 1.748 1.393 1.414 1.400 1.434 2.2
Gaussian 03 B3LYP/6-31G(d) 1.770 1.373 1.420 1.380 1.450 20.2
bond length and the two thiophene rings are nearly coplanar. It can be deduced
that the molecule gains better conjugation than the isolated molecule. These
structural differences could be attributed to the fact that the molecule is coupled
to gold atoms in the EMM. To keep maximum consistency, in all the MO analysis
using Gaussian, the geometry of the junction molecule was extracted from the
results of IVSiesta calculation. Moreover, it is found that the external voltage
does not have considerable effect on the geometry of BThSH.
Figure 3.3: Chemical sketch and ball-stick model of the junction based
on 2,2’–bithiophene–5,5’–dithiol (BThSH). Only the extended molecule part
is shown. Data for labeled bond lengths and dihedral angle are listed in Table 3.1.
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3.2.1.2 Calculated I-V results
The current and conductance curves of BThSH are shown in Figure 3.4. The
current curve shows a nearly symmetric shape with respect to the polarity of
voltage bias. This is expected to be a natural result of the symmetrical structure.
Two sample curves for electron transmission (as defined in Equation (2.1) and
(2.2)) with voltage at ±1.5 V are plotted in Figure 3.5. The transmission curves
have a similar peak structure, although there is difference in the intensity of
some peaks. The similarity of the two transmission curve indicates the electron
transmissions under positive and negative voltage share the same mechanism.
However, The curve is not perfectly symmetrical. This understandable if the
calculation error are considered, particularly the criteria for SCF and geometry
relaxation. As the convergence limits are finite rather than infinitesimal, the
converged structure in geometry relaxation and Hamiltonian in SCF cycles may
not be precisely the same when opposite voltages apply. This may be the origin
of the imperfect symmetry.
It is clearly seen that there are steps in the current curve (or peaks in the
conductance curve) at ±0.5 V, ±1.5 V and ±3.2 V. The shape of the curve
is comparable to that reported in the literature, [94] which also has a clear step
structure. Taking a glance at the energy levels of BThSH in Figure 3.7, it is easily
found that the the steps of ±1.5 V and ±3.2 V may relate to occupied molecular
orbitals. However, the turn-on voltage of the first current step is too small to be
assigned to the molecular orbitals.
To explore the characteristic of these two steps, an additional calculation was
done with only two sulfur atoms and six gold atoms in EMM, and the distance
between the two sulfur atom is set to 5 A˚. The result is plotted in Figure 3.6.
The current curve shows steps at ±0.5 V and ±3.0 V, similar to those of
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Figure 3.4: Current and conductance curves of the junction based on
2,2’–bithiophene–4,4’–dithiol (BThSH).
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Figure 3.5: Total electron transmission through the junction based on
BThSH. Sample curves were calculated at applied voltage ±1.5 V and the energy
was evaluated with reference to Fermi level of the electrodes.
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BThSH. These steps may be related to the states on gold atoms and can be
attributed to the EMM employed. These states on the gold atoms may be very
close to the Fermi levels on the electrode contacts and are the main cause of direct
tunneling under low voltage.
Figure 3.6: Current/conductance curves through the junction based on
two non-bonding sulfur atoms. The distance between the two sulfur atoms are
manually set to 5 A˚.
The steps at ±3.0 V are probably results from slight overlap between the
atomic orbitals on the two sulfur atoms. This step is always seen in all the current
curves of the thiol molecules in this study, in spite of some shifts with structural
change in the junction molecule. This result confirms that the end group of the
molecule plays an essential role in the tunneling through a molecular junction.
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For junctions based on thiol molecules, sulfur atoms are the boundary which is
responsible for the coupling strength between the gold and the molecule.
3.2.1.3 MO analysis of BThSH
Energy level diagram and orbital population of BThSH are presented in Fig-
ure 3.7.
As the Fermi level of the electrodes is close to the occupied levels, the electron
tunneling through the molecule may be exclusively through occupied states. From
the graph, it is found that the highest occupied molecular orbital (HOMO) may
be responsible for the current step at ±1.5 V, as the energy depth matches the
turn-on voltage on the current curve. However, the HOMO has only very small
components from the end sulfur atoms, which results in fairly weak coupling
with the electrodes. Therefore, the tunneling through the channel related to this
orbital should behave as weak coupling case, expecting a small current increase.
It is also noticed that the weak-coupling effect may also explain the clear step-
shaped current curve, as the states will stay sharp and clear, without broadening
by the electrodes.
In Figure 3.4, the current is fully turned on only after the voltage reach 2.6 V
and continuously increases with voltage. The conductive feature in this voltage
region could be attributed to the orbital group with energy in the range from 2.65
eV to 3.54 eV below Fermi level in Figure 3.7. Energy-wise, these orbitals have
similar a energy to sulfur p-orbitals coupled to the gold atoms, which should have
effective interaction with states from electrodes. Particularly, MO at 3.54 eV
below Fermi level spans across the molecule from one sulfur to the other, which
may be a good channel for electron conduction.
38
3.2 Computational results and discussion
Figure 3.7: Energy level diagram and MO population analysis of BThSH.
Only the highest six occupied orbitals below the Fermi level are shown here.
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3.2.1.4 Comparison with conjugated alkene
The structure of BThSH is similar to the simple conjugated alkene chain of
(1E,3E,5E,7E)-octa-1,3,5,7-tetraene-1,8-dithiol (OTESH), with the sulfur atoms
in the five-membered ring removed. It may be interesting to compare the coduc-
tive behaviors of the two molecule.
The structure of OTESH is displayed in Figure 3.8. The current/conductance
curves are plotted in Figure 3.9. Results for BThSH are also replotted in the
same graph for comparison.
Figure 3.8: Chemical sketch and ball-stick model of the junctions based
on (1E,3E, 5E,7E)-octa-1,3,5,7-tetraene-1,8-dithiol (OTESH).
The coincidence of the curves suggests that the conducting property of the two
molecule are nearly the same. The sulfur atoms in the thiophene rings have little
effects on the extended pi states along the conjugated chain, and the localized
states (σ-bonding and n-bonding orbitals) on the sulfur atoms has no influence
on the current conduction.
In the graph, slight discrepancy in the current curves of the two molecules
can be identified only at large negative bias. This is possibly attributable to the
structural distortion caused by electric field applied, recalling the fact the method
used in this study performs geometry relaxation for every voltage point.
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Figure 3.9: Current and conductance curves of the junction based
on (1E,3E,5E,7E)-octa-1,3,5,7-tetraene-1,8-dithiol (OTESH). The results for
BThSH are replotted here for comparison.
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The comparison between BThSH and OTESH shows that, oligothiophene-
based backbone may be a good approximation to replace conjugated alkene chain
due to its good structural stability and synthetic feasibility.
3.2.2 Benzene–1,4–dithiol
3.2.2.1 Molecular structure
The second molecule simulated is benzene–1,4–dithiol (BSH). BSH-based molec-
ular junction was extensively studied as a standard model by experimental mea-
surements and theoretical simulation. [13,21,49,50,66,68,69,88,95–98] The structure of the
EMM is shown in Figure 3.10 and some geometric parameters are summarized in
Table 3.2.
Figure 3.10: Chemical sketch and ball-stick model of the junctions based
on benzene–1,4–dithiol (BSH). Only the EMM is shown. Data for labeled bond
lengths are listed in Table 3.2
From Table 3.2, it can be noticed that the geometry relaxation results from
IVSiesta are similar to those from Gaussian. The molecule is slightly elon-
gated under electric field. The geometry data of BThSH and BSH indicates that
the geometry relaxation is not a significant factor in simulations of these small
molecules. Therefore, in the following discussion, only critical geometry parame-
ters will be discussed.
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Table 3.2: Selective structural parameters of BSH
Method
Bond length/A˚
1 2 3 4 5
IVSiesta PBE/DZP (V=0V) 1.785 1.411 1.398 1.410 1.781
IVSiesta PBE/DZP(V=4V) 1.797 1.418 1.407 1.418 1.802
Gaussian 03 B3LYP/6-31G(d) 1.788 1.400 1.392 1.400 1.788
3.2.2.2 Conductive behavior
The resulting current/conductance curves are presented in Figure 3.11. The
curve is comparable to those reported in experiment measurements [13] and com-
putational simulation, [49,66,92,96] regarding the curve shape. However, the turn-on
voltage and current magnitude may vary from one method to another. This may
be partly due to the fact that the calculated current depends highly on the physi-
cal model employed, particularly the Fermi level of the electrodes. As mentioned
in Chapter Two, different Fermi levels may be defined and employed in different
methods.
In Figure 3.11, the current curve shows nearly symmetric shape with respect
to the polarity of bias due to the symmetric structure. The transmission curves
at ±2.0 V are plotted in Figure 3.12. The coincidence of the two curves clearly
implies a similar transmission mechanism under reversed polarity.
Compared to the current curve of BThSH, it is found that molecular junc-
tion based on BSH shows a smoother curve without clear steps. This can be
understood by examining the orbital diagram of BSH (Figure 3.13).
It is generally agreed that the conduction mechanism of a BSH-based junction
is the tunneling through occupied states, as these states are relatively close to the
Fermi level of electrodes. From Figure 3.13, it is clearly seen that, unlike the case
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Figure 3.11: Current and conductance curves of the junction based on
benzene–1,4–dithiol (BSH).
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Figure 3.12: Electron transmission through the molecular junction based
on benzene–1,4–dithiol (BSH). Sample curves were calculated with bias of
±2.0 V and the energy was evaluated with reference to Fermi level of the electrodes.
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Figure 3.13: Energy level diagram and MO population analysis of BSH.
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of BThSH, all of the shallowest occupied orbitals of BSH have large components
from sulfur atoms, which makes them more “conductive” than their counterpart
in BThSH. As strongly coupled to the electrodes, energy levels of these orbitals
will be broadened and may be gradually turned on when the applied voltage
increases, resulting in a step-less current curve.
3.2.3 Coupling effect along molecular backbone
3.2.3.1 Strong coupling
It was reported that the current through a molecular junction should decline
rapidly if the length of the molecule junction grows. [19,95,99,100] For carbon atom
chains, it was also shown that the conductance oscillates with the number of
carbon atoms. The chains with odd number of carbon atoms are more conductive
than those with even number. [48]
In the simulation results of junctions based on linear chain with even number
of carbon atoms (Figure 3.14) and conjunct phenylene rings (Figure 3.15), it is
found that the current falls with increasing chain length but not very rapidly.
The effective conduction through a long distance is probably due to the strong
coupling effect across the backbone, resulting from complete conjugation along
the chain.
With strong coupling, the molecule gains a homogeneous electronic structure
across the backbone, and the electrons may redistribute to screen the external
electric field effectively, which results in the fact that there is very small volt-
age drop and very high conductance across the molecule region. In this way, the
strong internal coupling across the backbone makes the molecular system “metal-
lic”. For thiol based systems, it was pointed out that the voltage drop mainly
occurs at the end group or interface regions. [66]
47
3.2 Computational results and discussion
Figure 3.14: Current curves of molecular junctions based on linear car-
bon chains (CC)n, n = 1, 2, 3).
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Figure 3.15: Current curves of molecular junctions based on conjunct
phenylene rings (Bn, n = 1, 2, 3). The inset is a zoom-in graph of voltage range
between ±1.5 V.
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The function of a molecule coupled to two electrodes can also be understood
by carefully inspecting Figure 3.6. It is noticed that the distance between the two
sulfur atoms is comparable to the dimension of a phenyl ring, but the current is
dramatically lower than that of the molecular junction with BSH, indicating that
the electronic states on the benzene do serve as conduction channels.
3.2.3.2 Inserting spacer into the backbone
To further investigate the coupling effect along the backbone, an insulating σ-
bond spacer (–C(CH2CH2)3C–, C8H12) was inserted between two phenyl rings.
The aim is to cut off the pi-system and to weaken the coupling along the backbone.
The conducting behavior was simulated and compared with the junction without
spacer or with another phenylene ring as a connector. The structures of the three
molecular models are shown in Figure 3.16 and the resulting current curves are
displayed in Figure 3.17.
Straightforwardly, the current through two phenyl ring is significantly sup-
pressed by the insertion of σ-bonding spacer, but not the phenylene ring, although
the sizes of the two are quite similar. This result shows that C8H12 is a very good
insulator unit. By inserting insulator segments, the backbone is actually divided
into subunits, and thus the molecular junction may become a “heterostructure”,
if the electronic structures of subunits are quite different. σ-bonded spacers may
be useful to design functionalized molecular junction, as the two parts insulated
by the spacer can be modified separately.
3.2.3.3 Twisting the backbone
It is also possible to weaken the coupling along the backbone by twisting dihedral
angle between subunits. [101] The conformation dependence of molecular conduc-
tance was measured and analyzed in recently reported work, which shows that
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Figure 3.16: Chemical sketch and ball-stick model of the junctions based
on two phenyl rings with/without a spacer. (a) B-B, without spacer; (b) B-
B-B with another phenyl ring as a spacer; (c) B-C8H12-B, with a rigid saturated
structure –C(CH2CH2)3C– as a spacer.
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Figure 3.17: Current curves of junctions based on two phenyl rings
with/without a spacer. (a) B-B, without spacer; (b) B-B-B with another phenyl
ring as a spacer; (c) B-C8H12-B, with a rigid saturated structure –C(CH2CH2)3C–
as a spacer. Structures of these molecules are shown in Figure 3.16.
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when the Fermi level locates between the gap of the occupied and unoccupied
states, the geometric factor is crucial. [78,102] To demonstrate torsion effect, a well-
studied [103] biphenyl system was recalculated in this study with the dihedral angle
between the two phenyl planes fixed to 30, 60, 90 degrees. The resulting current
curves are plotted in Figure 3.18. From the graph, it is found that the current
falls dramatically when the torsion angle reaches maximum, 90 degree. This is
an explicit result from the disruption of the pi-conjugated system.
Figure 3.18: Current curves of molecular junction based on biphenyl-
4,4’-dithiol with different torsion angle between the two phenylene rings.
The dihedral angle between the two phenyl rings are set to 30, 60 and 90 degrees.
In the physical world, the molecule in the junction is always in thermal motion
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and other disturbance, which will reduce the conjugation of the backbone. As a
result, there must be conductance fluctuation caused by backbone distortion.
To summarize, it has been demonstrated that good coupling along the molecu-
lar backbone is very important for its conductivity. Spacer insertion and geometry
distortion in the backbone can efficiently reduce the coupling along the backbone
and the overall conductivity. This may be an important concept in the design of
new molecular junctions.
3.2.4 Large aromatic molecules
The conductive behavior of several large aromatic thiol compounds, based on
anthracene (AnSH), phenatherene (PhnSH) and pyrene (PyrSH), were also simu-
lated. Their structures are displayed in Figure 3.19 and the current conductance
curves are shown in Figure 3.20 and Figure 3.21, respectively.
As shown in Figure 3.20, the current curve for PhnSH and PyrSH are quite
similar, regarding the current magnitude and curve shape. These two molecules
can be viewed as fused biphenyl structure and comparison with current curve of
biphenyl-dithiol (found in Figure 3.15, Bn,n = 2) shows that the conductivity of
PhnSH and PyrSH is slightly higher. This may be attributed to the improved
conjugation resulting from good planarity of PhnSH and PyrSH.
Figure 3.22 plots the energy levels and orbital population of the two molecules.
The energy levels of PhnSH molecule distributes at a regular intervals in a wide
energy range, and some of the orbitals (e.g. HOMO) has considerable compo-
nents from the sulfur atoms. These orbitals may be responsible for the good
conductivity.
On the other hand, PyrSH molecules has orbitals on the carbon skeleton
and sulfur atoms decoupled. These orbitals are supposed to be poor conducting
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Figure 3.19: Chemical sketch and ball-stick model of molecular junc-
tions based on three aromatic molecules. (a) anthracene-dithiol (AnSH); (b)
phenanthrene-dithiol (PhnSH); and (c) pyrene-dithiol (PyrSH).
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Figure 3.20: Current and conductance curves of the molecular junctions
based on phenanthrene-dithiol (PhnSH) and pyrene-dithiol (PyrSH).
The molecular structures are displayed in Figure 3.19.
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Figure 3.21: Current and conductance curves of the molecular junctions




channels. However, as the energy levels of the states are distributed in a fairly
small energy region, and the coupling between these states may be actually strong
enough to create hybridized states. The hybridized states may provide good
conducting channels. Such a hybridization mechanism may be greatly enhanced
by external electric field. [104] This example shows the limitation of MO analysis
of conductivity, when the conducting channel may be the combination of several
orbitals.
The current/conductance curves of the molecular junction based on AnSH
is plotted in Figure 3.21. In the graph, it can be found that AnSH shows very
different conductive feature from the BSH junction (Figure 3.11), although the
length and basic structure of the two junctions are quite similar. Compared
to BSH, AnSH shows poor conductivity and the current curve has several clear
steps at voltage of ±1.7 V,±2.6 V and ±3.5 V. These features indicate that the
molecule is weakly coupled to the electrodes.
The inference can be evidenced by the energy level diagram and orbital popu-
lation in Figure 3.23. It can be easily found that the orbitals are relatively weakly
coupled to the end groups. Moreover, the energy levels of AnSH distribute in three
narrow energy regions, which may provide three tunneling channels responsible
for the three steps in the current curve.
3.3 Summary
In this chapter, conductivity of junctions based on several fully conjugated back-
bones are discussed. The discussion is based on MO analysis in equilibrium state,
which has been proved to be intuitive and effective for understanding the electron
conduction through a molecule. It is demonstrated that the electronic coupling
across the system plays a key role in the conduction process.
58
3.3 Summary




Figure 3.23: The energy diagram and MO population analysis of AnSH.
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3.3 Summary
The end groups of the molecule (sulfur atoms in thiols) are important for
the conducting process, as they determine the coupling strength between the
electrodes and the conductive molecule. The MO’s spanning across the whole
molecule onto sulfur atoms contribute more to the conductivity, as they could
be strongly coupled to the electrodes through the end groups. If the MO on the
molecule has no extension on the end groups, the coupling between the MO and
states on electrodes is weak, resulting in less contribution to the conductivity.
Moreover, the electron tunneling behavior through a MO that is strongly cou-
pled to the electrodes may be different from the one which is weakly coupled.
When the coupling is strong, the MO may be broadened by states on the elec-
trodes. As a result, the tunneling through the MO is gradually turned on with
the voltage increases and is difficult to reach saturation. On the other hand, the
tunneling channel related to the weakly coupled MO will stay clear and sharp.
The tunneling will be turned on only when the voltage is large enough to lower
the electrochemical potential of the electrode to match with the energy level of
the MO.
In addition, the coupling across the backbone may be suppressed when the
conjugation along the backbone is interrupted. This can be achieved by insertion
of σ-bonded spacers into the backbone or geometrical torsion of the pi-system.
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4.1 Modification of the conjugated backbone
Chapter Three provides a chemical viewpoint on molecular conductivity by cor-
relating the conductivity to chemical structure through electronic structure. To
further test the effect of chemical structure on molecular conductivity, various
modifications may be introduced to the junction molecule. Out of all types of
modification, the most common one is substitution with functional groups. Sub-
stituents as side group may affect the electronic structure of the backbone in two
ways. There is direct electronic influence from the substituent due to either in-
duction effect (polarization of chemical bonds) or conjugation effect (side group
as a part of the main conjugated system). Substituents may also affect the ge-
ometry of the backbone, and by this way, the electronic states on the backbone
are affected. This is called steric effect.
In this chapter, systematic study on two series of molecular backbones with
substituents as side groups is reported. Various substituents were examined,
including electron-donating and electron-withdrawing functional groups, some of
which have additional conjugation effect on the backbone. Molecular junctions
based on heteroaromatic pyridine were also simulated to explore the effect of
substitution of carbon atoms in the backbones. In the design and arrangement of
these backbones with substituents, steric effect was carefully avoided. This is to
isolate the electronic effect and to make the analysis easier. It is possible to use
substituent constant (derived from Hammett equation [105]) and Hu¨ckel molecular
orbital (HMO) to qualitatively interpret the results.
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4.2 Substituent effect on bithiophene backbone
4.2.1 Design of model molecule
Various substituents were tested with molecular junctions based on 2,2’–bithiophene–
5,5’–dithiol (BThSH). As there are two thiophene rings in the backbone, two
substituents are introduced symmetrically onto the 3,3’-sites, in order to retain
the symmetry of the junction. For BTSH, there are two possible sites (3,3’- and
4,4’-) to adopt the substituents and they are compared for selective side groups.
The structure of 3,3’-substituted BThSH are displayed in Figure 4.1.
Figure 4.1: Chemical sketch and ball-stick model of the junction based
on 3,3’–substituted 2,2’–bithiophene–5,5’–dithiol (BThSH).
4.2.2 Substitution effect on conductivity
The current and conductance curves are presented in Figure 4.2 and Figure 4.3,
respectively. The curves show a regular shape similar to the pristine BThSH
(plotted as R=–H). The magnitude of the current with different substituents
shows no clear trend with change of substituents, as there is no considerable
enhancement or depression in current.
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Figure 4.2: Current curves of the junctions based on BThSH with sub-
stituents on 3,3’-sites.
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Figure 4.3: Conductance curves of the junctions based on BThSH with
substituents on 3,3’-sites.
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Regarding the turn-on voltage of current, the substituents can be categorized
in three groups: (1)amino and methoxy; (2) methyl, fluoro and chloro; and (3)
nitro. Compared to the unsubstituted BThSH, the second group of substituents
do not change the turn-on voltage. However, the other two groups of substituents
can shift turn-on voltage significantly. From the graph, it can be found that
turn-on voltage of the molecule with amino or methoxy is lower than that of
unsubstituted molecule, while the molecule with nitro group has a higher turn-on
voltage.
There is a clear trend of the turn-on voltage that can be correlated to the sub-
stituent constant of the functional groups. Electron-donating substituents have
large negative constants (e.g., −0.27 for methoxy and -0.66 for amino) and these
functional groups will shift the turn-on voltage towards a lower value. On the
other hand, electron-withdrawing substituents with positive constants (e.g., 0.77
for nitro) will elevate the turn-on voltage of the molecular junction. However,
chloro group is an exception. Chloro has a moderately positive substituent con-
stant, but the current of chloro-substituted BThSH has nearly the same turn-on
voltage as pristine BThSH. The trend of substituent effect and discrepancy from
it may be understood by analyzing detailed energy levels and orbital population.
4.2.3 Molecular orbital analysis
The energy levels and orbital population of these substituted BThSH molecules
were calculated and the results are summarized in Figure 4.4. For simplicity, only
selective orbitals are presented with orbital population.
Similar to BThSH and BSH, the occupied states are close to the Fermi level
of the electrodes, and the electron tunneling through these molecules should be
dominated by occupied pi-states. The only exception is nitro derivative. There
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Figure 4.4: Energy level alignment and MO population of substituted
BThSH. Energy levels of molecule series are plotted versus substituent constants
of various groups. Substituent constant data are taken from literature. [105,106]
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exist energy levels which are above and close to the Fermi level. However, the
states related to these levels are localized on the nitro groups, which are supposed
to be inert in electron conduction.
In Figure 4.4, it is easily seen that the HOMO energy levels of the molecules
may explain the trend of the turn-on voltages as the energy levels of HOMO’s can
be correlated to substituent constants well except chloro group. Chloro group has
a positive constant and is believed to be an electron-withdrawing group which
should lower the HOMO of the molecule. However, the calculated HOMO of
chloro derivative is slightly higher than that of a pristine BThSH. This is un-
derstandable by examining the HOMO population of this molecule. From the
diagram, it can be seen that the chlorine atoms have little contribution to the
HOMO of the substituted BThSH, which means the HOMO is not significantly
affected by the chloro group.
4.2.4 Comparison between 3,3’– and 4,4’-sites
There are two possible substitution sites on the thiophene rings, 3– and 4– carbon
atoms. Molecules presented in previous section have substituents on 3–site. To
test whether there is any difference if the modified group is on different site, molec-
ular junction based on substituted BThSH (Figure 4.5) with methoxy groups on
4,4’–sites was also simulated.
The resulting current and conductance curves are displayed in Figure 4.6.
The curves for the molecules with these groups on 3,3’-sites are also plotted for
comparison.
It is easily seen that the the curve of 4,4’-substituted BThSH shares the same
shape as 3,3’-substituted BThSH. The result could be understood by applying
HMO theory, in which the substituent effect is treated as perturbation factor of
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Figure 4.5: Chemical sketch and ball-stick model of the junction based
on 4,4’–substituted 2,2’–bithiophene–5,5’–dithiol (BThSH).
Figure 4.6: Current and conductance curves of the junction based on
BThSH with methoxy groups on 3,3’– or 4,4’–sites.
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the main pi-system of carbon backbone. From Figure 3.7 in Chapter Three, it is
found that the occupied orbitals has equal components from carbon atoms on 3–
and 4–sites. As a result, introducing perturbation to 3– or 4–sites may clearly
has a similar effect on these orbitals.
4.3 Substituent effect on benzene-based systems
4.3.1 Design of model molecule
Molecular junctions based on 2,2’–(1,4–phenylene)diethynethiol (PDESH) was
designed to explore the substituents on phenyl ring instead of the simple benzene-
dithiol. This is to avoid the steric effect, as the benzene-dithiol molecule is too
small to adopt two large side groups. The structure of these series of molecules
is displayed in Figure 4.7.
Figure 4.7: Chemical sketch and ball-stick model of the junctions based
on 2,2’-(1,4-phenylene)diethynethiol (PDESH) with 2,5-substituents on
the phenylene ring.
4.3.2 Substitution effect on conductivity
The calculated current and conductance curves are presented in Figure 4.8 and
Figure 4.9.
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Figure 4.8: Current curves of the junctions based on PDESH with var-
ious substituents on 2,5-sites of the phenylene ring.
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Figure 4.9: Conductance curves of the junctions based on PDESH with
various substituents on 2,5–sites of the phenylene ring.
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From Figure 4.8, it can be found that substituted PDESH series do not show
significant changes in current curves, compared to BThSH derivatives. The cur-
rent is not switched on until voltage reaches 2 V, and after turn-on, the current
increases rapidly with voltage.
However, by examining conductance curves in Figure 4.9, a small difference
in the main conductance peak can be identified. According to the location of
the main peak, the functional groups fall into three categories, similar to the
substituted BThSH series. The conductance peak is shifted towards lower voltage
by electron-donating substituents such as methoxy group, but towards higher
voltage by electron-withdrawing groups (chloro group and nitro group). The
fluoro group has no effect on the conductance peak.
The trend of substituent effects is quite similar to that of BThSH series,
which indicates that the two cases share the same mechanism. The shift of the
conductance peak is directly related to the shift of energy levels on the molecule,
which could be explained as induction effect of the substituents.
4.3.3 Molecular orbital analysis
The energy levels and orbital populations are plotted in Figure 4.10. Besides
the HOMO’s, selective orbitals are illustrated and these orbitals are supposed to
have significant contribution to the conductivity, based on the analysis of orbital
population. Compared to the case of substituted BThSH (Figure 4.4), it is found
that substituents have much less effect on the energy levels in PDESH series.
However, there is still a clear trend that the states shift to lower energy when the
substituent constant alters from negative to positive. The shifting trend of the
energy levels coincides that of the conductance peaks, which clearly demonstrates
the substituent effect.
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Figure 4.10: Energy level alignment and MO population of PDESH.
Energy levels of molecule series CBSH are plotted versus substitution constant
(Substituent constant data are taken from literature. [105,106])
74
4.4 Conjugated side groups
4.4 Conjugated side groups
The substituents analyzed above have perturbation effect on the backbone mainly
through induction effect. There is another type of side groups composed by conju-
gated hydrocarbon structure will have pure conjugation effect. These functional
groups can be considered as extension of the conjugated system on the backbone.
The molecular junction based on antharacene in Chapter Three could be viewed
an example of this types of extended conjugation.
To test this type of substituents, two junctions based on 3,3’-vinyl-substituted
BThSH and 2,5-phenyl-substituted PDESH were constructed. The two molecules
are displayed in Figure 4.11. The current/conductance curves are plotted in
Figure 4.12 and Figure 4.13, respectively. The results for unsubstituted backbones
are also replotted for comparison.
In Figure 4.12, the current/conductance curves of vinyl-substituted BThSH
are demonstrated to be quite similar to those of unsubstituted BThSH, regarding
curve magnitude and shape. The only slight difference is turn-on voltages of the
two molecule (1.2 V, comparing to 1.5 V for BThSH). This may be attributed
to the extension of conjugation. In Figure 4.13, the current curve of phenyl-
substituted PDESH also share a similar shape with pristine PDESH, with only
slight difference in the current under large negative voltage.
Both of the two graphs indicate that the conjugated substituents comprising
carbon skeletons have little influence on the conductivity of the main molecular
backbone.
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Figure 4.11: Two molecular junctions based on 3,3’-vinyl-substituted
BThSH and 2,5-phenyl-substituted PDESH.
Figure 4.12: Current and conductance curves of the junction based on
3,3’-vinyl-substituted BThSH. Compared with pristine BThSH (R=–H).
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Figure 4.13: Current and conductance curves of the junction based on
2,5-phenyl-substituted PDESH. Compared with pristine PDESH (R=–H).
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4.5 Backbones with heteroatoms
Apart from using substituents replacing hydrogen as side group. It is also possible
to introduce heteroatoms into the conjugation system in the backbone, resulting
in heteroaromatic compounds, such as pyridine (C5H5N) and pyrizine (C4H4N).
In these molecules, nitrogen atom is introduced to replace carbon atom, but the
conjugation and aromaticity are retained. Similar molecules based on pyridine
have been investigated with nitrogen atom works as anchor group onto the elec-
trodes. [107] Conducting behavior of pyrazine and other isomers were compared
previously. [108]
In this study, molecular junctions based on oligopyridine (Pn, n = 1, 2, 3) were
calculated. The structures of the three molecules are shown in Figure 4.14 and
the resulting current/conductance curves are plotted in Figure 4.15.
Generally speaking, the current through these molecules decrease with the
length of molecule, which is similar to the case of oligophenylene in Chapter
Three. By inspecting the shape of the curves, the current through P1 or P3 is
found to be asymmetric with respect to voltage polarity. A clear step in current
curve can be also be found at positive turn-on voltage. This is attributable to
the asymmetric structures of P1 and P3. For the same reason, the current curve
of P2 is nearly symmetric.
4.6 Summary
Substituent effect on molecular conductivity has been extensively examined in this
study. With two model backbones of BThSH and PDESH, various substituents
having induction effect were discussed in detail.
The substituents can be categorized into three groups: electron-donating,
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Figure 4.14: Chemical sketch and ball-stick model of the junctions based
on oligopyridines (Pn, n = 1, 2, 3).
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Figure 4.15: Current and conductance curves of the junctions based on
oligopyridines (Pn, n = 1, 2, 3).
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electron-withdrawing and neutral. The three categories of substituents are char-
acterized with substituent constant. It has been demonstrated that the shape
of the current (especially turn-on voltage) may be affected by introducing sub-
stituents. Amino and methoxy groups were predicted to be good electron-donating
substituents, which can lower the turn-on voltage. Nitro group was proved to be
a good electron-withdrawing substituent, which can elevate the turn-on voltage
significantly. Conjugated substituents were also investigated and demonstrated
to have little effect on the conductivity of the backbone. The substituent effects
can be understood based on molecular orbital analysis.
Oligopyridines representing heteroaromatic molecules were also simulated.
The results show that the magnitude of current does not have much change
compared to their counterparts of hydrocarbon aromatic molecules. However, as
the symmetry is broken by introducing heteroatoms into the conjugated system,






Since the first paper published by Aviram and Ratner, [1] molecular device has
become the ultimate goal of the research in this field. Many interesting molecular
characteristics found in experiments or predicted by theory may be utilized to
fabricate molecular devices.
Asymmetric conductivity. It is easily seen that current through a molecu-
lar junction with symmetric structure should be symmetric with respect to voltage
polarity. However, when the chemical structure of the molecule is asymmetric,
the current curve may show asymmetry. There are several measurement results
on asymmetric conductivity, [109,110] and potential use of these types of junctions
is molecular diode with rectification effect.
Bistable conductivity. It is possible to obtain bistability in molecular con-
ductivity. The bistability could be achieved by structural change stimulated by
other factors, e.g. conformation change, [25] photo-induced isomerization [111] or
manipulation by scanning tunneling microscope tip. [112] Examples include some
conceptual molecular switches and logic gate.
Field effect transistor. The conductivity may also be influenced by an
external potential. [113,114] This is the concept of field effect transistor. [29] In a
planar electrode experiment with a third electrode works as gate control, field
effect transistor was achieved with molecule junctions. [9] The current through the
molecule is modulated by the voltage on the gate electrode.
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As design of molecular devices is actually function-oriented, it is clear that
the knowledge of the correlation between the structure and the electron trans-
port property is needed. Unlike most of the simple and homogeneous structures
discussed in the previous chapters, molecular devices may have more possibilities
in structure construction, e.g., heterostructures having more than one segments
in backbone or other extension in three dimensions.
As the simplest molecular device with electric rectification effect, i.e., molec-
ular diode (rectifier) attracts much attention. Discussions were focused on the
mechanism of molecular rectification. [115–119]
There may be many possible designs of molecules showing rectification ef-
fect. [120] In this study, the most popular and intuitive “p–n” diblock molecule
is considered. This structure was initially proposed by Aviram in the first pa-
per of molecular device. [1] This chapter presents a computational study of several
model molecules with p–n structure, and comparison among the models may help
understanding the mechanism of molecular diodes.
5.1.2 Design of “p–spacer–n” junctions
As discussed in previous chapters, if the structure of the molecule is symmetric
and the coupling across the molecules is strong enough to be a homogeneous
structure, the current curve is symmetric with respect to polarity of voltage. The
turn-on voltage and magnitude of current passing through should have nothing
to do with bias polarity.
To build molecular diodes to function as their counterparts in the electronics,
the molecule should have two segments with “p” or “n” feature.
A qualitative description of this picture is discussed in some published pa-
pers. [1,117] The p-segment should be an electron acceptor (A) that has a lower
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electron density and a relatively lower LUMO, while the n-segment is expected
to be an electron donor (D) that has a relatively higher HOMO, as shown in
Figure 5.1.
Figure 5.1: Energy level alignment for a donor-acceptor structure work-
ing as p–n junction.
The coupling between the Donor and Acceptor units is believed to be very
important for the molecular diode to work properly. As pointed out in the previ-
ous study, [1] if the p and n parts couple with each other strongly, the system will
be found to have unified states on the experimental time-scale, and the states
extend equally on the two parts. Therefore, the conduction through these states
under reversed voltage polarities will be the same, resulting in symmetric current
curve without rectification effect. With this idea in mind, a σ-bonded spacer was
introduced between the p and n segments to prevent pi-state mixing (Figure 5.2).
With semi-empirical method calculation, this design of “p–spacer–n” structure
demonstrated rectifying effect as a diode.
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Figure 5.2: Design of molecular junction with p–spacer–n structure. The
p and n parts are connected by an insulating spacer.
5.1.3 Model molecules
To design the p and n units of the diodes, the substituent effect discussed in Chap-
ter Four may be helpful. The p unit should have an electron-withdrawing group
and the n unit should contain an electron-donating group. From the range of
substituents investigated in Chapter Four, nitro group (–NO2) and amino group
(–NH2) were chosen as the two types of substituents. Thus, with the two func-
tional groups, the nitrophenylene (PhNO2) and aminophenylene (PhNH2) were
employed as p and n units of the molecular diode model.
To test the effect of spacer between p and n segments, three molecules were
constructed: (a) with no spacer, (b) with phenylene as a spacer and (c) with a
σ-bonded bicyclo[2.2.2]octane (–C(CH2CH2)3C–, C8H12) structure as a spacer.
The structures of the three model molecules are displayed in Figure 5.3.
5.2 Results and discussion
5.2.1 Comparison between the three molecules
The calculated current/conductance curves for the three molecules are shown in
Figure 5.4, Figure 5.6 and Figure 5.8.
Molecule (a) without spacer.
The molecule (a) without a spacer between the p and n units shows good
rectification effect (Figure 5.4) with rectification ratio at bias V = 4.0 V (calcu-
lated as I(4.0)/I(−4.0)) to be around 4. As mentioned in the discussion above,
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Figure 5.3: Chemical sketch and ball-stick model of three model
molecules to test rectification effect. p-segment is nitrophenylene and n-
segment is aminophene. (a) without spacer; (b) with a phenylene spacer; (c) with
a “–C(CH2CH2)3C–” spacer.
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in general, the p–n segments directly connect with each other may not show good
rectification effect because of the possible state mixing between the two units.
However, the rectification is clearly demonstrated in this molecular junction with
p–n structure. This may be attributable to the relative conformation of two
phenyl rings in the junction. The geometric relaxation results in a torsion angle
of 80 degree between the two phenyl planes. The torsion of the backbone weak-
ens the coupling between the states on the two units, and the system remains a
heterostructure to show rectification effect.
Electron transmission curves through the molecule under ±4.0 V are plotted
in Figure 5.5 showing different peak structures, which indicates different tunneling
mechanisms under reversed polarities of bias.
Another point worth mentioning is that, although the coupling between two
unit is weakened, the current through the heterostructure can still reach con-
siderable magnitude, probably as a result from the direct connection of the two
units.
Molecule (b) with benzene spacer.
The current curve of molecule (b) with a benzene as a spacer shows the
best rectification effect with rectification ratio to be nearly 10 at voltage 4.0 V
(Figure 5.6). The asymmetry of the current curve lies not only in magnitude,
but also in curve shape. Under negative bias, the current is switched on with a
relatively small (≈ −2.2 V) but increases much slower. With positive bias, the
turn-on voltage is slightly higher (≈ 2.5 V), but the current increases rapidly
after it is turned on.
To understand the rectification effect, electron transmission curves through
the molecular diode are plotted for ±4.0 V in Figure 5.7. From the graph, it
is found that the transmission functions under positive and negative bias have
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totally different peak structures, which implies that the mechanisms of forward
and backward tunneling through the molecule are different. Particularly, the
transmission under negative bias has no considerable peaks and is negligible,
which indicates that the conduction under negative bias may be dominated by
less conductive σ-states, rather than pi-states.
Molecule (c) with the σ-bonded spacer.
The molecule (c) with the “–C(CH2CH2)3C–” σ-bonded spacer shows no rec-
tification effect (Figure 5.8). This is unexpected, as this spacer is supposed to be
helpful in construction of molecular diodes. It could be noticed that the current
through the molecule is significantly suppressed by the spacer, due to the inter-
ruption of pi-system, which has been discussed in Chapter Three. The residual
current may be due to some σ-bonding states on the backbone, which do not
have considerable polarity. As a result, the current is nearly symmetric.
Plot of electron transmission (Figure 5.9) through this molecular junction
confirms that the tunneling mechanisms with different bias polarities are nearly
the same, as the transmission curve coincides with each other.
5.2.2 Molecular orbital analysis
The energy level diagram and molecular orbital population of the three molecules
are constructed to interpret the computational results.
The orbital population of all the three molecules shows asymmetric structures,
with occupied states localized on n unit (PhNH2) relatively close to the Fermi level
of the electrodes. Therefore, the transmission of electron through these orbitals
are energy-wise favorable. This may be the main reason why the structure shows
rectification effect.
As none of the orbitals has a homogeneous orbital population, the electron
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Figure 5.4: Current and conductance curves of molecular junction based
on PhNH2–PhNO2 structure without spacer. The model molecule is shown
in Figure 5.3(a).
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Figure 5.5: Electron transmission through the molecular junction based
on PhNH2–PhNO2 structure without spacer. The model molecule is shown
in Figure 5.3(a). Transmission curves were calculated with voltages of ±4 V.
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Figure 5.6: Current and conductance curves of the molecular junction
based on PhNH2–Ph–PhNO2 structure. The model molecule is shown in
Figure 5.3(b).
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Figure 5.7: Electron transmission through the molecular junction based
on PhNH2–Ph–PhNO2 structure. The model molecule is shown in Fig-
ure 5.3(b). Transmission curves were calculated with voltages of ±4 V.
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Figure 5.8: Current/conductance curves of the molecular junction based
on PhNH2–C8H12–PhNO2 structure. The model molecule is shown in Fig-
ure 5.3(c).
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Figure 5.9: Electron transmission through the molecular junction based
on PhNH2–C8H12–PhNO2 structure. The model molecule is shown in Fig-
ure 5.3(c). Transmission curves were calculated with voltages of ±4 V.
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transmission through the molecules may involve transition between the spatially
separated orbitals. Whether there is a large possibility of such types of transition
will determine the overall transmission through the molecule.
In Molecule (a) (orbital diagram shown in Figure 5.10), as the two phenyl
rings are directly connected to each other, there are always overlaps between the
states on the two parts and the transition between them is spatially favorable.
As a result, the electron transmission through the molecule is moderately strong
and the current is considerable.
In Molecule (b) (orbital diagram shown in Figure 5.11), the orbitals on the
p and n parts are separated by the spacer, however, there are pi-orbtials on the
phenylene spacer which provides bridges for the electron to pass through. There-
fore, the transition between the orbitals on the p and n parts is significantly
enhanced by the states on the phenylene ring.
In Molecule (c) (orbital diagram shown in Figure 5.12), the orbitals on the p
and n parts are spatially separated by the σ-bonded spacer, and the transition
between them is expected to be difficult, as there is no pi-state available on the
spacer to work as a bridge. Therefore, the electron transmission through this
molecule is suppressed. It is noticed that there are states at deeper energy levels,
made by slightly mixing states on the two parts together with the σ-bonding
states, which may account for the symmetric residual current in the calculated
result. The orbital analysis confirms the conclusion from Section 5.2.1.
5.2.3 Tuning the coupling between the p and n units
To explicitly demonstrate the coupling effect on the rectification of a p–n struc-
tured molecular diode, the model molecule (a) without a spacer in Figure 5.3 was
recalculated with different torsion angles between the two phenyl rings. Results
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Figure 5.10: Energy level diagram and MO population of the molecule
with PhNH2–PhNO2 structure. The model molecule is shown in Figure 5.3(a).
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Figure 5.11: Energy level diagram and MO population of the molecule
with PhNH2–Ph–PhNO2 structure. The model molecule is shown in Fig-
ure 5.3(b).
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Figure 5.12: Energy level diagram and MO population of the molecule




are summarized in Figure 5.13. From the graph, it is easily seen that the molecule
shows good rectification effect when the the dihedral angle is set to 80 (optimal)
or 90 degrees. The rectification ratio with these two conformations are similar,
however, the one with 80-degree conformation has much larger current values, due
to the stronger coupling between the two units. However, the molecule shows a
symmetric current curve with no rectification effect when the dihedral angle is
set to 150 degree.
Recalling the results from Chapter Three, the dihedral angle is an effective
tunning factor of coupling strength between the two phenyl rings. As the angle is
set to 80 or 90 degrees, the coupling between p and n units are weak enough for the
molecule to retain heterostructure showing rectification effect. When the dihedral
angle is set to 150 degrees, the coupling between p and n units is relatively strong
so that the molecular junction becomes a unified structure, and the states on the
two parts are mixed together. The unified electronic states leads to a symmetric
shape of the current curve without rectification effect.
5.3 Summary
This chapter reports a detailed study on molecular diodes with p–spacer–n di-
block structures with or without spacer between them. The aminophenylene and
nitrophenylene are chosen to be the n and p units in the diodes. Both pi- and
σ-bonded spacers were examined.
The results showed that the molecule with a phenylene as a spacer has the best
rectification effect while retaining relatively good conductivity. The molecule with
a popular σ-bonded spacer (“–C(CH2CH2)3C–”) has no rectification effect, be-
cause the electron transmission through this molecule is dominated by σ-bonding
states, which is much less conductive and less polarized.
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Figure 5.13: Current curves of the molecular junction based on PhNH2–
PhNO2 structure with different torsion angles between p and n units.
Structure of the molecule is shown in Figure 5.3(a). Current curves were calculated
with the torsion angle between the two phenyl ring set to 80, 90 and 150
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The coupling between the p and n unit is proved to have significant effect
on rectification. This is explicitly demonstrated by tuning the coupling strength
between p and n units through the torsion angle between them. By forcing the
p and n units to be nearly coplanar, the system shows no rectification effects.
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This theoretical study focused on the conductive behavior of organic molecular
junctions. A program named IVSiesta was developed in this project to perform
computational simulation. Using the program, various chemical structures were
simulated, and the structural dependence of conductivity was analyzed. This
chapter summarizes the main achievements and findings, the significance of this
study as well as the recommendations for future work.
6.1 Summary
6.1.1 Computational program
A Siesta-based program IVSiesta was developed to do conductivity calculation.
The highlighted features of this program are:
• DFT method and pseudopotentials inherited from Siesta make it feasible
to calculate larger systems.
• Formulation of current calculation computerized in IVSiesta is based on
self-consistent non-equilibrium Greens function formalism, which is widely
used to describe quantum transport in nano and molecular systems.
• Extended molecule model is adopted in the calculation scheme of current-
voltage relation of molecular junctions.
• Current calculation can be done point-by-point, which enables the struc-
tural adjustment at each point of voltage.
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• External electric potential is in considered SCF iteration. Geometry opti-
mization under external electric potential is available with IVSiesta, which
may lead to more reasonable structure and more accurate electric current.
6.1.2 Structure-conductivity correlation of molecular junctions
Using the IVSiesta programs, a series of typical structures were studied, and
structural factors in backbones and substituents were discussed. The results were
analyzed and understood through molecular orbital analysis.
• Backbones. Conductivity depends highly on conjugated structure of back-
bone. This was demonstrated by comparison among various backbones,
with different lengths and conformations.
Good conjugated systems tend to match strong coupling model, in which
the electron transport process has been proved to be more efficient. On the
contrary, electron transport through weakly coupled molecules will be less
conductive, and the turn-on voltage tends to be a sharp step.
An easy but effective way to tune the coupling strength along the backbone
is to twist the torsion angle between the conjugation units in the backbone.
Moreover, the current through a molecular junction will significantly decline
with the insertion of σ-bonded spacer into the molecular backbone, as the
pi-systems separated by the spacer will be completely decoupled.
• Substituent. Several substituents were examined on two backbones, 2,2’–
bithiophene–5,5’–dithiol and 2,2’–(1,4–phenylene)diethynethiol. Electron-
withdrawing substituents (e.g. nitro group) can shift the turn-on voltage
or conductance peaks towards a higher value, and the electron-donating
substituents (e.g. amino group and methoxy group) will shift the turn-
on voltage or conductance peaks towards a lower voltage. The simulation
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results also demonstrates that these substituents do not have significant
effect on current magnitude.
The substituents with only conjugation effect (e.g. phenyl group) have
been shown to have little influence on the electron conduction through the
backbone.
6.1.3 Application in the design of molecular diodes
The knowledge of structure-conductivity correlation has been used to design and
analyze molecular diodes based on p–spacer–n structures. It has been shown that
the substituted phenylene rings with electron-withdrawing/donating functional
groups can work as good p and n units in the diodes.
Coupling between the p and n units has been illustrated to be an important
factor on rectification. This was explicitly shown by twisting the torsion angle
between p and n units. The phenylene ring has been proved to be a good spacer
which can enhance the rectification ratio of the p–n structure. On the other
hand, by introduction of the structure of bicyclo[2.2.2]octane (–C(CH2CH2)3C–)
structure as a σ-bonded spacer, the current is significantly suppressed and the
rectification effect vanishes. The result indicates the current through a molecule
highly relies on the pi-states on the spacer, and the asymmetric orbital population
is the origin of rectification.
6.2 Significance of this work
This work has fundamental significance in understanding the molecular junc-
tion from the chemical point of view. Efforts are placed on the simulation and
interpretation of the conductivity based on various chemical structures. The pro-
gram IVSiesta developed here may be useful to predict the conductive property
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of new chemical structures. On the other hand, the analytical information of
structural dependency of conductivity may be helpful in the design of new func-
tional structures. Particular electronic function may be achieved by introduction
or combination of appropriate functional segments (backbones, spacers or side
groups). The function-oriented design of new molecules may become the direc-
tion of chemical synthesis, particularly in this case, the synthesis of electronic
functional molecules.
6.3 Outlook of future work
It is recommended to extend the study of chemical structures to more complicated
and applicable systems. More structural segments may be examined to search
for other novel and well-defined features.
Collaboration with chemical synthesis and device measurement is advisable.
Comparison with experimental measurement will help to verify the reliability
of the simulation method. Experimental results may also be helpful to im-
prove the theoretical model and simulation scheme. The model configurations
(e.g. interface structure) and other parameters (e.g. pseudopotentials, basis sets,
exchange-correlation functionals) in the simulation scheme may be chosen more
convincingly to fit the experimental results.
To conclude, this research attempted to translate the physical concept and prob-
lem of molecular junctions into chemical language, providing basic knowledge
about the structural factors that affect molecular conductivity. The knowledge
is essential in the function-oriented design of new structures, which may become
interesting and challenging for chemists who are specialized in theoretical and
synthetic chemistry. The variety of chemical structures may offer opportunities
for realizing the idea of molecular junctions and other molecular devices.
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A Conductivity: the formalism
A.1 Green’s function and self energy
A.1.1 Green’s function
In quantum theory, electron transport through an ionic array produces a scat-
tering problem. There are several theories of the electron scattering, in which
Green’s function is a very popular one.
Greens function describes the evolution of a particle from initial state at site
|0〉 to another state at site |~R〉 by giving the probability as amplitude
〈~R|Gˆ(t)|0〉 = 〈~R|e−iHˆt/~|0〉. (A.1)






dt eiEt/~Gˆ(t) = (E − Hˆ)−1 (A.2)
It is clear to see that E must have a positive imaginary part for the integration
to converge. The meaning of Green’s function is also seen from the Fourier
transform, ı.e., Gˆ contains the information for the future of the particle, from







Here, E must have a negative imaginary part.
An important result for Green’s function is from the imaginary part. Evalu-










δ(Er − En)|〈~R|n〉|2 (A.4)
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In the equation, Er is the real part of E and En is the eigenvalue value of Hˆ.
Besides Green’s function, another important operator is correlation function,
which describes the evolution between two spatial-temporal states (|~r, t〉 and
|~r′, t′〉
G<(~r, t;~r′, t′) = +i〈ψ†(~r, t)ψ(~r′, t′)〉 (A.5)
in which “〈〉” denotes the expectation value over a grand-ensemble in a many-
particle case.
With the correlation function, the particle density is expressed as
n(~r, t) = −i〈ψ†(~r, t)ψ(~r, t)〉 = G<(~r, t;~r, t) (A.6)






(∇−∇′)G<(~r, t;~r′, t′) (A.7)
In steady state, G< depends only on (t − t′) and the Fourier transform
G<(~r, ~r′;E) is more useful.




[H(~r)G<(~r, ~r′;E)−G<(~r′, ~r;E)H(~r′)] (A.8)
The diagonal element of the current operator is the divergence of current density.
The integration of the current operator over a close surface outside the system
(the extended molecule in this study) that the current passing through (details





dE Tr [HG<(E)−G<(E)H] (A.9)
This equation shows how the current through a system is determined by its
Hamiltonian and correlation function.
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A.1.2 Self-energy operator
In the calculation with extended molecule model, the two semi-infinite electrodes
are replaced with two finite clusters to make the calculation feasible. Moveover,
in the final step, current integration is only done within the extended molecule.
However, it is possible to encapsulate the effect from the two electrodes, using
self-energy operator Σ. The Green’s function is then calculated as
G =
[
E − Hˆ − Σ
]−1
(A.10)
The self-energy Σ is calculated from the electrodes in contact with the concerned
system.
A.2 Formalism behind IVSiesta
A.2.1 System Hamiltonian
The system Hamiltonian of a “electrode–molecule–electrode” (L–M–R) junction
structure could be represented by a semi-diagonal block matrix
H =
 HLL HLM 0HML HMM HMR
0 HRM HRR
 (A.11)
in which, HMM is the Hamiltonian of the extended molecule, while HLL,RR rep-
resent the left and right electrodes respectively. HLM,ML,RM,MR are the coupling
elements between the extended molecule and the two electrodes. The two “0”
indicate that there is no direct coupling between the two electrodes.
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A.2.2 Green’s Function and Self Energy in Matrix Form
If there is separate calculation of self-energy from the two semi-infinite electrodes





and the self-energy terms are
ΣR,ALB = (E
±SLL,LB −HLL,LB)GR,ALB (E±SLB,LL −HLB,LL) (A.14)
ΣR,ARB = (E
±SRR,RB −HRR,RB)GR,ARB (E±SRB,RR −HRB,RR) (A.15)
With the effects from self energy of the semi-infinite parts, the Green’s functions
of the electrode contact (L and R) parts are given by
GR,ALL = (E
±SLL −HLL −ΣR,ALB )−1 (A.16)
GR,ARR = (E
±SRR −HRR −ΣR,ARB )−1 (A.17)
(A.18)
and the self-energy of the contacts are
ΣR,AL = (E
±SML −HML)GR,ALL (E±SLM −HLM) (A.19)
ΣR,AR = (E
±SMR −HMR)GR,ARR (E±SRM −HRM). (A.20)
In all equations, superscript A denotes “advanced” and R means “retarded”.
Also, Im(E±)→ 0±.
The Green’s functions of the extended molecule take the form of
GRMM = {E+SMM −HMM −ΣRL(E+)−ΣRR(E+)}−1 (A.21)
GAMM = {E−SMM −HMM −ΣAL(E−)−ΣAR(E−)}−1 (A.22)
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A.2.3 The Current–Voltage Relation
With the Green’s function of the extended molecule and the self-energy of elec-





dE {tr[ΓLGR(E)ΓRGA(E)] [f(E − µL)− f(E − µR)]} (A.23)
In the equation, voltage drop is calculated by the difference between the elec-
trochemical potentials of the left and right electrodes, i.e. V = µL − µR. f is











are the imaginary parts of the self-energy of electrodes.
In the formula, t = tr[ΓLG
R(E)ΓRG
A(E)] is the total electron transmission
through the extended molecule.
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B DFT and SIESTA
B.1 Density functional theory
B.1.1 Hohenberg-Kohn theorems
Before density functional theory, the mainstream computational methods for elec-
tronic structure are all developed by solving the Schro¨dinger equation of the
system directly. By treating the electron–electron interaction on a two-electron
basis, Hartree equation and Hartree-Fock equation were achieved.
Another way to consider the electron interaction is the density functional the-
ory (DFT), which is derived from a very different starting point, rather than the
Schro¨dinger equation. In 1964, Hohenberg and Kohn [121] observed that the elec-
tron density n(~r) contains all information about the electronic state, equivalent
to the full wavefunction Ψ. They proved that in the ground state of a system, the
external field U could be determined up to a constant by the density of electrons
and in this way, the electronic state could be determined (HK theorem 1). This
is a surprising conclusion. The electronic states of a N -electron system depend
on the electron density, which is a function of only one single spatial vector (~r),
rather than N vectors in a full-electron wavefunction.
Hohenberg and Kohn also proved that there exists an energy functional with
respect to the electron density, FHK , from which the correct ground state can be
derived (HK theorem 2). The energy functional may be written as
FHK = T [n] + U [n]
where T [n] and U [n] are kinetic and potential terms respectively. If the form of
the density functional FHK can be found, calculation of electronic structures will
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be much simplified.
B.1.2 Kohn-Sham equation
Unfortunately, the exact form of FHK is a mystery. Therefore, several approxima-
tions are adopted. The first useful scheme to implement DFT was developed by
Kohn and Sham in 1965. [122] They proposed using single–electron wavefunctions
ψl(~r) to describe the system, instead of using electron density. In this way, the
the electron density itself is written as n(~r) =
N∑
l=1
|ψl(~r)|2 and the kinetic term




















ψl(~r) = Elψl(~r) (B.1)
The function Exc is the exchange-correlation (XC) energy functional in the form
of a local density approxmation (LDA), as the Exc is locally determined by elec-
tron density. KS equation can be solved using SCF scheme with given XC func-
tional. For practical accuracy, XC functional in generalized gradient approxima-
tion (GGA) form or other hybrid forms are widely used instead of LDA. XC
functionals are always embedded in DFT software packages.
B.1.3 SCF Solution of KS equation
It is impossible to solve KS equation unless the form of single–electron wave-
function (molecular orbital) is known. A widely used approximation of molecular
orbital is by using the linear combination of atomic orbital (LCAO). Each molec-
ular orbital takes the form of ψk =
∑
l ck,lφl, in which all the φl’s are the complete
set of atomic orbitals. As a result, the variational problem will be reduced to an
numerical extrema problem, and the resulting matrix–form eigenvalue equation





According to its official manual, [123] Siesta stands for “Spanish Initiative for
Electronic Simulations with Thousands of Atoms”, and is “both a method and its
computer program implementation, to perform electronic structure calculations
and ab initio molecular dynamics simulations of molecules and solids.” It features
standard KS-DFT method in either LDA or GGA form, use of norm–conserving
pseudopotentials in fully nonlocal Kleinman-Bylander form. Basis sets available
in Siesta includes numerical multi-zeta atom-like orbitals. Eigenvalue problem
may be solved by either Rayleigh-Ritz eigenstate method or order-N method. [124]
Mechanisms, methods and application of Siesta are described in the papers
published by the development team. [52,53,83]
B.2.2 XC functionals available
Siesta provides several XC functionals. The newest Siesta package (version
2.0) provides both LDA and GGA functionals. The LDA series includes Perdew-
Zunger (PZ) [125] and Perdew-Wang (PW92) [126] functionals. GGA series includes
Perdew–Burke–Ernzerhof (PBE) [85] and revised PBE [127,128] functionals, Becke
exchange functional [129] and Lee–Yang–Parr corelation functional (LYP). [130]
B.2.3 Control of SCF iteration
Because the source codes of Siesta are accessible to any user, it has a flexibility
of control on SCF iteration. It is possible to redesign the solving algorithm of
self-consistent field with non-equilibrium Green’s function (NEGF), instead of the
original version based on density matrix. Such kind of modification is required
in the self-consistent NEGF formalism.
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Application of linear electric field on the system is implemented in Siesta.
B.2.4 Geometry Relaxation
Conjugated Gradient method was used in geometry relaxation. The relaxation is
done in Cartesian coordination system by default. Z-matrix (internal coordinates)
is also available in Siesta 2.0, though with limited features.
B.2.5 Basis set
Multi-zeta atomic functions are available as basis set, as well as user-defined
numerical basis functions. Some modifications such as polarization and diffusion
function are also available. Siesta has an internal mechanism to generate atomic
basis function.
B.2.6 Pseudopotential
Pseudopotentials are not embedded in Siesta and have to be prepared separately.
Fortunately, coming together with Siesta package, there is an ab-intio ATOM
program which is dedicated to pseudopotential generation and verification. More
information about pseudopotential and ATOM can be found in Appendix C.
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C Pseudopotential and ATOM
C.1 Pseudopotential
The idea of pseudopotential came from the experimental observation. Several
experiments, such as low temperature specific heat of metals, show that only
very few electrons are active, but all others stay around the nucleus, screening it
from the valence electrons. Thus it is possible to find some “pseudopotential” to
replace the ion core which is made up of nucleus and core electrons. [131]
The concept of pseudopotential has two aspects of physical significance. Firstly,
the problem of electrons in an Coulomb potentials would be transformed into the
motion of valence electrons in a much weaker potential. This is why the nearly-
free electron model validates for metal solids. Secondly, pseudopotential also
provides a computational tool which can be applied to a larger range of physical
problems.
To develop the form of pseudopotential, some empirical models can be used.
Besides, it is also possible to construct first-principle pseudopotential. In this
study, a computer program named ATOM (provided together with Siesta) is
employed to generate pseudopotentials for all elements.
For heavy metals like gold, pseudopotential is an effective method to add
relativistic effect at a low computational cost. This was done by arranging the
solution to the Schro¨dinger equation for pseudopotential so that it produces wave-
functions and energies that can match the solution of a Dirac equation for the
original potentials.
One risk of using pseudopotential is there may be some low-energy states that
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come with pseudopotential, which have no counterparts in all-electron calculation
results. These states are ”ghosts” [132] that can lead to inaccuracy and should be
avoided in computational practice.
C.2 Program ATOM
C.2.1 General description
Program ATOM is originally developed by Sverre Froyen and modified by Nor-
man Troullier and Jose Luis Martins. It features all-electron DFT calculations
for single atom with arbitrary electronic configurations, generation and test cal-
culations of first-principle pseudopotentials.
C.2.2 Pseudopotential generation
ATOM has several flavors of pseudopotential generation. Hamann–Schluter–
Chiang (HSC) [133,134] and Troullier-Martings (TM) [135,136] are commonly used.
Relativistic and spin-polarized options are also available in ATOM. As an in-
put to the program, it is crucial to define the occupancy and radius cutoff of
core/valence orbitals properly.
C.2.3 Pseudopotential test
Pseudopotentials have to be tested before further deployment. ATOM provides
PS test by doing comparisons between the results of all-electron and pseudopo-
tential calculations. It is essential that pseudopotential calculation should be
able to replicate the results of all-electron calculations, particularly the electron
density population of the ground and selected excited configurations.
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